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Projeot 2.2 was designed as part of an over-all study of atomio
oxplosion effeots on forests. This projeot studied frequenoy of per-
sistent combustion in prepared and natural fuels at various distances
from ground sero and appraised changes in persistent combustion assooi-
ated with variations in density, thicimess, and moisture content found
in those fuels.

Prepared fuel beds of grass, punky wood, pine needles, and hard-
wood leaves wore exposed at each of six stations =-- 2,000, 4,000, 5,000
7,000, 9,000, and 12,000 ft from ground zero. Three fuel beds at each
station were covered until 15 minutes before shot time to keep fuel
moisture ocontent as low as possible. Thiockness and density of fuel
partioles were determined prior to the teste Fuel moisture and fuel
temperature at shot time were measured in duplicate fuel beds, similarly
looated but outside the test area, Naturally ooccurring fuels at the
test site =« brush, grass oclumps, and Joshua bark -- were studied before
the tests and examined after each shot.

Post-test fuel examinations showed that punky logs and Joshua bark
ignited and were consumed by fire at distances from ground zero where
total thermal energy was approximately 3 cal/sq om. Thess distances
varied from 5,300 ft slant range for Shot Baker to 16,000 ft slant range
for Shot Easy. RNatural grass olumps ignited and were consumed by fire
where total thermal energles approximated 4 oo.l/lq oms 8Slant ranges
varied from 10,860 £t for Shot Dog to 13,000 £t for Shot Easy. Other
fuels exposed to a total thermal energy of 6 to 7 oal/sq om ignited and
were consumed by fire when the bed was exposed normal to the incidence
of thermal radiation. Similar fuel beds exposed horizontally were only
oharred.

Conclusions based on results and observations from Operation
BOS TER :

1, Under fire weather oonditionl!'/ in a forest area, atomioc ex-
plosions can be expected to ignite and fine grassy fuels whenever

total thermal energy exceeds 3 ocal/sq omes For Operation BUSTER, Shot
Easy maximm ignition distance was 16,000 ft slant range.

IZ Relative humidity less than 40 per cent, air temperature greater
an 36° F, fuel moisture less than 15 per ocent,

vii
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2, For any given total enerzy level above 3 cal/sq om & larger
bomb is more likely to produce ignition than a smaller one, because
larger bombs produce a given themmal energy farther from ground sero and
ocombustion progresass farther before the blast wave arrives.

3. Fuel beds exposed perpendiocular to the incidence of thermal
radiation ignite farther from ground zero than fuel beds exposed hori-
sontallys This phenomenon is due primarily to blast winds and moving
sand whioh tend to wipe off any flame which has appeared on horizoatal
beds, but tend to drive similar flame into inolined beds. Difference in
shape faotor of the beds to the fire ball appears to be secondary to the
sand blast effeot,

4. Moisture content, density, and thiokness appear to be critical
faoctors which affect probabilities of forest fuel ignition following
atomio explosions over forest areas.

5. Bomb-induoed convection does not produce surface winds follow-
ing blast-wind effects and nsed not be oconsidered in the prediction of
subsequent fire behavior.

Based on the above oconclusions, as well as observations and data
from which they were derived, these recommendations can be made:

l, Future effeots tests with atom bomts:

a¢ Detonation time should be g4t between 1200 and 1500 hours
to allow hygrosocopic fuels to resch a low moisture ocone-
tent,

be Ome of the conditions for postponement of shots should be
relative humidity greater than 20 per ocent for 2 hours
prior to shot time. (This should be an important condition
for most materials exposed to thermal effeots.)

0s Forest fuel beds for test purposes should be exposed
perpendiocular to the inocidence of thermal radiation.

de Pure forest fuel types, similar to those exposed at Opera-
tion BUSTER, should be used again in conjunotion with
patural fuels.

2. Offensive use of atomic weapons in forest areas when thermal
offects are important:

a. Weather conditions in general should be dry and wam to

insure that moisture content of fine, dead fuels is below
15 per cent.

viii
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d.

Drop days and times should be seleocted for maximm surfase
wind velooity and superadiabatie lapse rate.

Drop time should coincide with or fellow slightly afder
minimm relative humidity for the day.

Possibilities of coordimating napalm or other imeendiary
bomb attacks with atomio bomb attasks should be investi-
gated,



1.1 GENERAL

Projeot 2.2, Operation BUSTER, was an integral part of a study of
eonsequences of atomic explosions on forestss This projeot was designed
%0 fit into the over-all study in these ways:

1, T provide a field ocheck for prior anmalytical work whish sought
to determine the frequency and pattern of persistent combustion in an
idealised fuel subjeot to wvarious radiation energies and to extrapolate
these data to actual fuels as they oocur in mature.

2. 7o provide a field cheock against which subsequent laboratory
source tests may be soaled,

3¢ To provide preliminary evaluations of effeots of moisture cone
tent, fineness or thickness, and density on the probability of ignition.

4 To study and experience problems associated with exposure of
forest fuels to atomio explosions in order to design more intensive and
offective field tests should Jaboratory and analytiocal studies indicate
their necessity,

8¢ To study the effect of blast-wave winds on persistence of ige
nition,

More speoifically, this projeot approached the above general ob-
Jeotives by providing tests whioh indicated:

le Energies (distance from ground sero) at which sample fuel beds
of common forest fuels were ignited by radiation following atomic ex-
plosions.

2, Effects of blasteinduced winds on continmed burning of ignited
fuels.

3. Effects of fuel-moisture ocontent on ignition and ocontinuwed
burning.

1.2 MILITARY SIGNIFICANCE

8imultaneous persistent igmition of forests over large areas
centered arownd an atomic explosion normally will give rise to a fire

|




stom whick completoly destroys anythilip' remaining after bomd emergies
are dissipated, MNoreover, oonflagrationetyps fires which may spread
from initially ignited areas are limited only by fuel and weather ocon~
ditionse A forest ares approximately 0.3 mile in diameter with fuel
consentration of 100 tons per acre, as found in heavy brush cover, on
buming would release energy equal to the total emergy of a 20 KT atomis
bomb, Consequently, datn from this project are important to offeasive
and defensive military operutions in wildland areas.



CHAPTER 2

HISTORICAL AND THEORETICAL

2.1 GENERAL

Previous worke/ on thermal effeots of atomioc explosions on forests
analyzed ignition of thin forest fuels by thermal radiation. Two types
of ignition were recognised in the analysis. "Spurious” or tramsient
ignition disappears when the exterual source of heat is removed, and is
of interest only for the mmall amount of heat it adds to that contribe
uted by the thermal source. The other type was defined as ocomplete or
persistent ignition resulting in sustained oombustion after the extermal
souree® of heat is removed,

This previous analysis gave a preliminary estimate of the thermal ,§/
energy required to ignite leaves and grass up to thickness of 0,025 om.

The following table shows for certain idealised forest fuels the
caloulated effect of moisture ocontent and thickness on radius of ige
nition in feet from ground zero when exposed to thermal radiation from a
20 KT atomio explosion for visual range of 12 miles:

TARLE 2.1

Caloulated Effect of Moisture Content and Thiokness on
Radius of Ignition from & 20 KT Atom Bomb

Radius of Ignition in Feet from Grownd Zero

Puel* Moisture Content, Per Cent of Dry Weight

0 10 20 30

Joat 7800 7100 6700 6400
(0,0167 om thiock)

Leaf 8800 8500 8180 7850
(0.0083 om thiok)

Grass Blade 7800 7700 7680 7380

(0,003 om thiok) .

¢ Abgorptivity used: Leaves, 0.8; grass blade, O.5.

!7 $nﬂons Research Office. Preliminary Stug% of the Consequences
of an Atomiec Explosion Over a Forest. ORO-T-108. Washington, 1980. PDe

8/ Appendix A contains basioc asswmptions and formlae for this analysis.



CHAPTER 3

PREPARATIONS AND METHODS

3.1 PREPARED FUELS

Prepared fuels for Operation BUSTER were seleeted to obtain a wide
range of thickmess and specific gravity. A desoription of these fuels
is found in Tadble 3.1 and Figures 3,1 through 3.6.

DELE 3.1

Desoription of Prepared Fuel Beds

Fuel Desoription Thickness| Densi
(Cm) (Gm/00
Pine needles Pinus ponderosa, on the ground «038 051
1l=3 years
Hardwood leaves | Madrone, Artutus mensiesii, «028 0.48
freshly fallen
Grass Wheatstraw, Tritioum aestivum, 037 0.38
leaves and heads removed
Punk White fir, Abies concolor, smll - 0.26
chunks of rotted heartwood
Sedge Carex goyeri, cured, standing in «017 0,88
olumps
Punky logs White fir, Abies concolor, logs - 0.08

6" to 8" in diameter with
finely shreaded rotted sapwood
on outside

Pine needles, hardwood leaves, grass, and punk were arranged in
trays 2°x4'x4", the tops of which wers flush with the grownd to approx=-
imate natural fuel conditions. Iwo-inch mesh chicken wire secured over
each fuel bed prevented blast winds from blowing sway the fuels. Pre-
liminary tests indicated that this relatively smsll area of wire does
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Figure 3.2 Madrone Leaf (Hardwood) Fuel Bed
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Figure 3.4 White Fir Punk Fuel Bed



Fuel Bed

Figure 3.8 Sedge

Figure 3,6 White Pir Punky Log



ot affess ignition or eontimwed tuming. o elimimate the pessibility
of dow forming om all fuels, to proteet them in ease of rain, and %o
vary moisture eontents (dew point permitting) some fuel beds at eash
station were covered with a waterprvof window shade whieh was released
by alamm eloek 18 minwtes before scheduled shot time,

Sedge was sransplanted in elumps to S-gallon eans, im turn exposed
in groups of two forming a fuel bed 9 inches by 18 imches,

Panky logs, 6 to 8 inches in diameter, were eut 3 feet long. Sap=

wood on these logs was mostly rotten, fine shreaded weod.

Prepared fuels were exposed at six stations.

Aotual Horisontal Digtances and Slant

Ranges from Bomb Bursts to Statioms
8hots

s BAKER CHARLIB DOG BASY
tation = =
Distance -4 - = -4 ®
e 1islyer Uelger | Bslssn | Hli
turget | 3453 33,: FE8|382 452 535 £38|348

~ | W ~ ~ (= ~r [ =
reet) | 5% Ha Ha g
2,000 | 2,140 | 2,410 | 2,165 | 3,440 | 2,087 | 2,600 | 4,68C| 4,880
4,000 | 4,140 | 4,290 | 4,168 | 4,320 | 4,067 | 4,300 | 6,660 6,690
s.obo 5,140 | 5,260 | 5,165 | 5,288 | 5,057 | 8,280 | 7,560 | 7,670
7,000 | 7,140 | 7,280 | 7,168 | 7,880 | 7,057 | 7,200 9,600 9,800
9,000 9,140 | 9,210 | 9,165 | 9,230 | 9,087 | 9,180 | 11,450 | 11,520
12,000 [12,140 12,180 |12,165 12,280 {12,067 | 12,146 | 14,400 | 14,450




Figure 8.7 Arrangement of Fuel Beds at 8tations

NOTB: Four Fuel Beds Covered by Window Shades
To Be Released by Clock Mechanism



S.2 NA rEs

TABLE 8.3

Natural Fuels Found at the Test Bite

Fuel Description Thiockness Donut{
(cm) | (Gm/ee
Natural grass | Desert needlegrass, Stipe speciosa,
dense mat of fine dead leaves at
base.
= Leaves 007 «034
- Stalks «098
Brush White bursage, Franseria dumosa, o037 562
many dead twigs sparsely arranged. +108
Jointfir, Ephedrs spp., many dead 072
twigs. =.119 887
Creosote bush, Covillia tridentita, - e
few dead twigs, sparse green
leaves.
Joshwa bark Joshua trees, Yuoca brevifolia, 18 L) e
to 20 £t high with thiok, cork-
1ike bark covered by old dead
leaves.

These fuels were distributed ideally for study of ignition frem
thermal effects of atomioc explosions. Individual brush and grass
olumps were far enough apart so that fire would not spread from ome %o
the other,

Thick olumps of grass stalks, 6 to 12 inches high, provided some
protection from blast winds for the fine, dead grass leaves olustered

at their bases.

Thermal charscteristios of bursage and jointfir were similar
enough that they oould be evaluated as one fuel type. They osourred
in sparse oclumps about 12 to 24 inohes high. Approximately three
olumps per acre had enough dead material wunder them to form a litter
whioh would oarry fire. Since creesote bush did not extend over the
entire area studied, it was not used as an indieator of thermal effects.
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Figure 3,8 Natural Grass Clump Showing Dense lat
of Fire Leaves at Base

Figure 3.9 Natural Brush Clump
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Pigure 8,10 Joshua Tree Showing Bark Characteristics
and Burn Following Shot Charlie, Figure
4.1 S8hows This Bark Burning
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Joshua $rees were spaced BO ¢ 300 feet apart. Their coarse corke
1ik» bdark plates were covered by dead leaves which were fringed with
fine, dead, hairy material whioh ignited rather easily. Abeut 10 per
oent of the Joshua trees were rotten along the main stem and these
rotten spots provided punky materials similar to those of prepared

punky logse
3. OMER DATA

A duplicate set of fuels was exposed to atmospherioc oconditions
whioh approximated as closely as possible those of the test ssmples.
At shot time fuel temperature was detemined and fuel moisture samples
wore taken from these dupliocate fuels and from natural fuels.

A pre-test photograph was made of each fwel bed and of each varie
ation of matural fuel type. PFPost-test photos were takem to illustrete
any significant thermal effects on these fuels,

Fhotography during the test was provided by the U, 8, Naval Radio=
logical Defense laboratory, San Franciscos At the 7,000=foot and 9,000~
foot stations two K-25 ocameras operating at one frame per 0.6 secs and
eoight GSAP cameras operating at 64 frames per see. recorded ignition and
sombustion behavior during and after the shot,

13



4.1 GENIRAL

Offielal thermal studies were made on Shots Baker anéd Dog.

CHAPTER 4

RESULTS

How=

ever, natural vegatation and fuels wnaffested by the previous shots were
examined after Shots Charlie and Easy, thus giving data over a range of
Data for all shots, found in Tables 4.1, 4.2, and
4¢3, are ocomparable whem allowanee is made for differences in fuel
moisture oontent, Punky logs exposed at Shot Charlie provided the enly
exeeoption, for they had previously been exposed to Shot Baker and had
all the fime, rotten material sand-blasted from thems This lack of
fine material on the log surface partly sccounts for the fact that

four detomations.

these logs did not bum at any distanee after 8hot Charlie.

TARLE 4.1

Therm) Effects of BUSTER Shots on Natural
Fuels == Field Observations

) Minimwn
Slant Range in Feet Thermal
BAXER CHARLIE DOG RASY (cnf-' ql o)
Natural grass 0 0 6,450 to 8,140 to -
burned 10, €00 12,930 4
Naturel grass 4,840 7,780 10,790 12,930 -
sharred
Brush burned 0 0 6,480 to l,lwbto -
10,600° | 12,930 =
Brush charred 3,670 7,390 9, 320 - -
Joshwa bazk 4,160 7,090 9,010 16,040 2.6
barned

SFrom "BUSTIR Thermal Prelimirary Data for Use in Progrem 11 Reports.”

bBrush twurmed only when ignited by sontiguous gress elumps.
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TABLE 4,2

Thomal Effeots of BUSTER S8hots on
Prepared Fuels Exposed Horizontally

Slant Total Thermal Effect?
Range 8hot Thermal Beis Hed Panky
Ene & U] o
(Poet) (c.lff: om)| Needles | Leaves | Grass | Punk| Sedge| Log
I
2,410 | BAKER 18 8C Burn | 8C Burn| Char | Char
2,440 | CHARLTE 86 Burn NVE Char | == o Char
2,800 | DOG 88 Bam - Bum | Char| =-- -
4,830 | EASY .11 Char - Char | == - -
11
4,890 | BAKER 8.1 NVE sc §C Burm | Char | Bum
4,320 | CHARLIE 18 8C 8¢ 8C - Char | ==
4,30 | DoG 28 8C Char |Char | Barn| Char | Char
6,880 | BASY 16 Char Char |Char | == -~ -
III
6,280 | BAKER Se2 NVE NVE NVE NVB | 8C Burn
5,288 | CHARLIE 12 NVE sC §C Char| Chay | =
5,250 | DOG 18 8C Char |Char | Bura | Char | Bura
7,870 | RASY 12 Char Char |Char | Bura| == i
Iv
7,230 | BAKER 1.8 NVE NVB NVE NVE | NVEB NVE
7,880 | CHABLIE 8.4 - NVE NVE NVE | Char | Char
7,200 | DoG 9.4 8C 8C Char | Burn| Char | Bum
9,890 | EASY Te3 Char Char |Char | Bumn | =- -
i
9,210 | BAKER - - - we NVE | NVE NVE
9,280 | CHARLIE 4.0 - - - - NVE NVE
9,180 | DOG 5.8 - NVE 8C 8C Char Bum
11,620 | RASY 6.0 - 8C SC 8C Burn | Bama
p ¢
12,180 | BAKER s - - - - NVE NV
18,220 | CHARLIE 2.3 - - -- - - -
12,143 | DOG 8.2 NVE NVE |NVE NVE | NVE Bura
14,4580 | RASY S.2 - NVE - - NVE Bum

“From "BUSTER Thermal Preliminary Data for Use in Program 11 Reports."”

bBarn « Fuel completely consumed by fire
Char - Fuel partially burned before being extinguished by blast-wave

winds
8C « Fuel slightly charred

NVE = No visible effect

18




Figure 4.1 Joshua Tree and Sedge 7,000 ft from Groumd
Zero Burning After Shot Charlie
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Figure 4.2 Joshua Tree Burn 6,000 ft froem Ground
Zero Following S8hot Charlie
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TABLE 4.3

Thermal Effects of Shot Basy on Prepared Fuels
Exposed Normal to Inoidense of Themal Radiation

Total Thermal Effect
8lant Thermal
Range Energy* Pine Hardwood
(Feot) (Cnlﬁq om) Needles Leaves Grass
6,680 16 Burn Burmn Burn
7,670 12 Bam Burn Barn
9,590 T8 - Burn Burn
11,520 8.0 o= Bum B

*From "BUSTER Thermal Preliminary Data for Use in Progrsm 11 Reports.®

4.2 TFUEL MOISTURE

Dead forest fuels are hygroscopic and react to ohanges in relative
hamidi ty with changes in fuel moisture towards equilibriwm moisture
oontent, Fuel moistures for each shot, Table 4.5, approximte equili~
brive moisture content for relative humidity oonditions as given im
Tadble 4.4.

Difficulties asscciated with moisture-content determimation for
sample fuels exposed to atomic detonation are illustrated by the probte-
bility that data for Shot Baker are too lows Due to soil differemces,
surface soil moisture fi=m rain 30 hours before was lower at the fuel
sample site than along *he themmal line at the test site. Relative
humidity just above the srownd, therefore, was lower at the fuel-sample
site and measured mois‘uare contents there were lower than those of
materials on the therual line,

18



TABLE 4.4

Weather Conditions Prior to Shot Time®*

BAXER CHARLIE poe EASY
(x’:::.) (!:g. Ro](;!)-. ?:‘)’ Ro](.ignl. :(r:;): R.t;l)h. ?:;1): lof&l;u.
E-6¢ | &4 | ® 51 | 0 s | 83 58 | 4
E-8 | ¢4 | 8 36 | sz “| o 64 | 42
H-¢ | ¢4 | 68 5 | %0 | b9 64 | 42
E-3 | 43| & 35 | 98 @ | & 6| a
H-2 | 42 | ez 32 | 100 a3 | 69 50 | 36
H-1 | 42 | 65 s | 100 | o 64 | %
BE-% 8 | 100
H 56 | 65 0| 0 53 | 60 o |

Weather oonditions apply along the thexmal line 2 ft above the grownd.
Data were obtained from hygrothermograph readings closely checked by
sling psychrometer at H - 9 hours and K + 6 hours. Relative humidity
data are subject to errors of X 5 per oent.

Fuel moisture effects were cheoked in the field after each shot.
Pifteen minutes after Shots Baker and Charlie light fuels such as sedge,
grass, and pine needles would not continue to burn whea ignited by match
flame. After Shot Dog oomparable tests produweed slow but persisteat
ecombustion. After Shot Basy these fuels bumed rapidly following ig-
nition by mateh flsme. Moisture ocontent differences partially explain
why grass elumps were not ignited during Shots Baker and Charlie ut
were readily ignited 10,8500 ft and 12,050 £t from ground sero during
Shots Dog and Rasy, respestively.

19



TAHLE 4.5

Fuel Moisture Content at S8hot Time®

Fuel

Moisture Content in Per Cens

MrR® | cEARLIE poG RASY

Pine needles (covered)
Pine needles (wmoovered)
Hardwood leaves (covered)

Hardwood leaves (uncovered)

Grass (oovered)
Grass (waeovered)

Puxk (oovered)

Punk (wnoovered)
Sedge
Punky log

Natural grass
Bursage
Joshwa bark

10
10
10

11

10

11

11
10

12

10
13

10
10 7

9
11 7

10
1
10 s

13 ’ 4
14 9

%Puel moisture data are subjeet to errors of ¢ 2 per eent.
bRecorded moisture oomtents probably 2 to 4 per sent low.

Fuel temperatures approximated air temperatmre at shot time.




Thermal effects tests should avoid early morning shot times if
possible. Not only are fuel moistures near their diumal maximum, but
determination of fuel moisture is most diffioult when relative humidity
is ochanging as muoch as 10 to 20 per cent in 30 minutes and solar irmdi-
ation is just beginning to heat surface layers of fuel, If, as during
Shot Charlie, there is a strong inversion layer near the ground, rela-
tive humidity applicable to exposed fuels must be measured adjacent to
those fuels. Lower relative humidity and thus lower fuel moisture in
Joshua bark 10 feet above the ground and atove the inversion layer partly
account for the buming of Joshua bark at Siot Charlie when punky logs
in higher relative humidity under the inversion layer did not burm.
Maximum thermal effeots might lave been produced during these tests had
shot time been set between 1200 and 1600 hours when relative humidity
often was 10 per cent or lower,

Window shades used to ocover fuels until 156 minutes before shot
time did not lower fuel moisture significantly in temms of ignition
and fire behavior, In faot, the one recorded effect of ocovers was on
Shot Baker where ocovered pine needles and covered grass at Station I
were charred slightly more than comparable unsovered fuels. BHad window
shades been used on Shot Charlie, however, fuel moisture undoubtedly
would have been oconsiderably lower for scovered fuels since the dew
point was reached for several hours prior to shot time.

4.3 COMPARISON OF LABORATORY AND FIELD DATA

Fuels exposed at Operation BUSTER have been exposed to the Labora-
tory Source at the University of California, Los Angeles, under oon-
traot by the Forest Servioce.

Data in Table 4.6 indicate that more energy is required to ignite
forest fuels by the Laboratory Source than by atomic bomb sources.

S8ince the Laboratory Source operates at 5,000° F, the average
abgorptivity of fuels in relation to thermal energy from it is lower
than ocomparable average absorptivity from bombss This factor sombined
with differences in pulse shape may account for differences illustrated
in Tabdle 4.6.

Aotually the only true minimum energy requirements obtained in the
field were for matural grass and Joshua bark. Other fuels were exposed
a; 1,000= to 2,000-ft intervals, and energies are not necessarily
aininum values. Ponderosa pine in a vertiocal position was not exposed
to lees than 12 ealories.
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TAELE 4.6

Minimum Energy Requirements for Persistent Ignition
== Fuels Exposed During Operation BUBTER

Minimum BEnergy
Fuel Fuel Moisture for Ignition
Content (Cal/sq om)
(Per Cent)
BUSTER Shots | Laboratory Source

Pine needles 7 12¢ 10.4
Hardwood leaves 7 s* 8
Grass [ s* 7.2
Pank 11 5" -
Sedge ] c* 9.2
Punky log 12 s.2* 4.0
Natural grass 4 4 4.6
Joshua bark oo 2.6 -

*True ninimmm energies may be less than these values because these fuels
were not exposed to smaller total energies.

4.4 KTICT OF BLAST WINDS OH IGNITION

Prior to these tests it had been assumed that roughness of forest
fuel bed surfaces would compensate for differences in absorbed thermal
energy which would arise between fuel beds perpendioular to incidence
of thermal energy and fuel beds placed horizontally. However, other
than punk and punky logs there was o consistent persisteat igmition
effeot on prepared fuels exposed horisontally to Shots Baker, Charlie,
and Doze As & cheok some dupliocate fuel beds were exposed perpendiocular
to the incidence of thermal radiation on Shot Easy. In every oase, as
shown in Table 4¢3, fuel beds exposed perpemdioularly ignited and com=
pletely burned while comparable beds exposed horisontally were either
charred or partially bumed. It is probable that the original roughness
assunption was iuvalid when applied to fuel beds instead of imdividual
fuel partieles. Also probably more important is the effect of blaste



wave winds and acoompanying sand blast whioh tend to wips initial flame
off horisontally exposed beds while driving it into perpendicularly
exposed beds.

On Bhot Dog grass olumps were ignited between slant ranges of 6,450
f% and 10,600 £t fram ground serc. Fa‘lure of grass to burn completely
below the inner limit is assooiated with length of burning time before
blast winds arrive and with blast-wind velocity. Natural grass clumps
burned up in about 8 seconds after ignition by matoh flame. Thus, grass
oclumps beyond 7,000 f't were completely consumed by fire before the blast
wave arrived.

Figure 4.3 Blast-Wave Winds and Asocompanying Sand Hlast
5,000 £t from Ground Zero Following 8hot Baker



CHAPTIR § e

CONCLUSIONS AND RECOMMENDATIONS

w

S.1 CONCLUSIONS B

1. Under fire weather oonditionsy in o forest area atomic ex~...
plesions ean de expeoted to ignite and fine grassy fuels wheaever
Sotal thermal energy exceeds 3 cal/sq cms For Operation NUSTER, Shot
Easy maxizwm ignition distance was 16,000 £ slant range, Under
simils r oondisions persistent ignitions in heavy grass and hardwood
leaves oan be expected whenever total thermal emnergy exeeeds 8 calories.
The laster energy level is not important, for nearly all forests areas
have considerabdle punky or fine grassy mterial which whea ignited
spread flame to other fuels.

2. Tor sny given total energy level above 3 cal/sq em a larger
bomb 4is more likely to produce ignition than a mmaller one, because e
larger bomdb produres required themal energy farther frem grownd sero
and oombustion progresses farther before the blast wave arrives.

8¢ FNuel beds exposed perpendicular to the incidemce of thermal
radiation ignite at lower total thermal mergy than fuel beds expesed
horisontally.

4o Moisture contemt, density, and thiokness appear %0 be eritical
factors which affeet probabilities of forest fuel ignitien follewing
atomio explosions over forest areas, Moisture content is probabdly the
08t important variable affecting ignition of common forest fuels.
Dip~‘ty is important as an indicator of thermal comduosivisy,’/ while
thiekness of the fuel rertiocle determines the maximwm temperature $o
which the fuel surface can rise during the thermal pulse. Fuels of
thicknz*s less than 0,001 inch (natural grass leaves) respond as though
their thermal eonductivity were infinite.

ative humidity less than 40 per cmt, air temperatmre greater
than 38° F, fuel moisture less than 18 per cemt.
8/ U. 8. Depte of Agriculture, Forest Service, Division of Fire
Researeh, Themmal Conductivity of Some Common Foress Fuels. Phase
Repert for
Ootober 1061, 10 ppe
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6« Bomb=indused oconvestion does not produce surface winds followe
ang blast-wind effects and need not be considered in the prediction of
subsequent fire behavior. This phenomenon was studied by observing
smoke and sand movement and was confimed by motion piotures.

6. Attenuation of blast winds by forest cover will have an ime
portant effest on persistence of ignition. If there ia oconsiderable
attenuation there will be less blowing-out of initial ignition points.
On the other hand, attenuation will reduce breakage of limbs, and there
will be less fuel on the forest floor to bum.

8.2 RECQMMENDATIONS

Based on the ‘preceding conclusions, as well as obseriations and
data from which they were derived, these resommendations ocan be made:

1, Future effects tests with atom bombs:

ae Detonation time should be set between 1200 and 1800
hours to allow hygroscopic fuels to reach a low
moisture content.

be One of the conditions for postponement of shots
should be relative humidity greater than 20 per oent
for 2 hours prior to shot time. (This should be an
important condition for most materials exposed to
thermal effects,)

6. Forest fuel beds for test purposes should be exposed
perpendiocular to the incidence of thermal radiation.

de Pure forest-fuel types, similar to those exposed at
Operation BUSTER, should be used again in conjunction
with natural fuels.

¢, Complete surface weather data and continuous records
of fuel moisture should be made at the actual test
site,

f¢ A more oritical study of blast effeots on persistence
of ignition should be made.

2. Offensive use of atomic weapcns in forest areas when thermal
offeots are important:

ae Weather conditions in general should be dry and warm
%0 insure that moisture content of fine, dead fuels
is below 15 per ocent.
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L D

de

Drop days and times should be selested for maximsm
surface-wind velooity and superadiabatie lapse ratde.

Drop time should eoincide with or follew slightly
after minimm relative humidity for the day.

Possibilities of coordinatimg napalm or other ine

oondiary bomdb attacks with atomic bomb attacks
should be investigated.
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APPENDIX A

THERMAL RADIATION

:

A.1 GRNERAL

following analysis was extrected from a preliminary analytical
[} whioh was made to estimate energies required to ignite thim
forest fuels such as leaves and grasses. For heavier fuels, inoluding
punky logs, a uni-directional heat flow equation was given with ap-
propriate boundary conditionse By numerioal camputations an estimate
of energies required to ignite heavier fuels by thermal radiation is
nade possible,

A.2 ASSUMPTIONS
The analysis for thim fuels was based on these assumptions:
ls Fuels will be in the form of thin flat plates.

2, The moisture component in the fuel will have all the
properties of free water.

8s Volatile substances will constitute 7O per cent of the
dry weight of the fuel and will be treated as a single
sutastance having & boiling tempersture of 623° K and a
latent heat of vaperiszation of 100 calories per gram.

4. Themmal cunduotivity of the laminar fuel is infinite,
hence no temperature gradient exists within the fuel and
heat is lost from both sides at equal rates.

S« 8pecific heat of the fuel will be different in different
stages of the heating process, tut remains constant when
the mass of the fuel is not changing.

6. Heating by radiant energy is sufficiently rapid that mo
appreciable amount of water ur wolatile products is lost
by diffusion, but only by boiling action.

Operstions Research Office. Preliminary Study of the Consequences
of an Atomic losion Over a Forest. ORO-T-108, Appendix I, pp 80=8%.
Washington, ‘;950.
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7. Ignition ocours vhem residwal earbon reaches 900° X.

Assumption 1 is reasonable for that ecmpoment of a heterogeneous
fuel whioch is most likely to ignite. Assumption 2 is a elose approx=
imation if the moisture content M is inoreased by .02 (i.es, by 8 por
oent)s This procedure compensates for extra heat required to separate
bound water from woods For this reason, the true moisture comtemt will
be 2 per cent less than the values of M (except serc) used inm this
enalysis. Assumption 3 is not quite as goed as assumption 8, but
better information on latent heat of vaporization of volatile produets
sbhould meke it as good as assumption 2. There is oonsideradble varistion
in the boiling temperatures of volatile products of wood, and their
latent heats of vaporisation range from about 70 oal/g for turpentine
to more than 200 oal/g for same of the aleohols. However, for most of
the produots these values average about 100 calories per grem. Assump-
tion 4 is not very good even for thin fuels because of their low thermal
condustivitys Nevertheless, there are compensating feactors which make
it oconsiderably better than the temperature gradients within even thin
fuels would indicate, For exammple, the mean temperature of an irradiated
leaf is much less sensitive to wvariation in thermal conduetivity tham
is the temperatu:r lifferense betweean the two surfaces. Also, transient
ignition which ns_ oscur on the hotter side of the leaf fummishes a
small smownt of heut whioch compensates for the higher ate of heat loss
in an irradiated leaf of low thermsl oconduotivity. Asswmption 4 is
best for partially transparent fuels, like thin grass blades, because
the penetration of radiation gives more uniform heating. Assumption §
is wndoubtedly good if the mean specifioc heat over a given tamperature
range is lnown, Because of the short effective life %sbout 3 seconds)
of the fireball, assumption 8 should be a good approximatien,

A3 ANALYBIS

The amount of heat required to bring a fuel sample of mass SV(14N)
up to the ignition temperature is
Q= 6V{Ce (Ty=Z,) + M [Ly + Cy(TeTy)] + fly + (11) Cg (Ty-%)} (A1)
where,

Cp = specific heat of oven dry fuel (0.0 oal/g deg C)

Cy = 1 = specific heat of water
Co = specific heat of carbon (0420 cal/g deg C)
£ = 0,70 = fraction of dry weight of fuel which will volatilise

Ly = latent heat of vaporisation of water (540 eal/g)



L, = latent heat of vaporisation of volatile products (100 eal/g)

= moisture esontent of fuel expressed as a fraoction of the oven
dry weight

= quantity of heat in calories

o

» 900° X = ignition temperature
= 300° K = initial temperature of fuel and surrowndings

= 575° X = boiling temperatvre of water

LR A S

623% X = boiling temperature of volatile products

V = volume

) = 0,60 = density of oven dry fuel

his equation gives the net amount of heat recessary to raise the tempe
erature of a fuel sample from T, to the ignition temperuture 40 De=
pending on the intensity of radiation, the actusl amount of heat will
be somewhat greater owing to losses from radiation and convestion.

For that time in which the fuel is not boiling off volatiles, the

thermal emergy balance for & leaf of Area A, absorbing energy at rate I,
is

Reft-2gn]a

where (/ (T) is a function representing rate of heat loss per wnit area
of ome side of the thin fwel of thickness £ . If one asswses infinite
"hermal conduotivity, the rate of heat gainm, % , may be written as

% -ZW%-JIE%E

hense

Lo §f = 1-24(1) (A.2)

The specific heat C takes on different values in the intervals I, - T,
Ty = Tyo 0d Ty = Tye

The function y’(r) is



y(r) «h (T ro)"/‘ + CE(T - 1,Y

where h (T = '.!'o)s/ 4 45 the rate of heat loss assuming free eoxveotion
only,?/

and GE(T4 - To4 is the rate of heat loces by radiation. Since
the absorbed irradiance I is a function of time, equation A.2 cannot be
integrated directly. However, the funotion ¢/ (?) oan be approximated

closely by a series of straight line segments, the equation of any ons
of whioh is

J(1) =1 71,

where k) and Kp are constants representing slepe and intercept of
straight lines tangent to heat loss ourve,

Hence, along any one segment, equation A.2 may be expressed as
S04 war.(X; T-X
£ & " (xy 2)
or as

%E. + aTwbdl + 6

(A8)

where
I ! . ¢
s A Al <
The solution of equation A.3 is
T = be-tt [ F(t) - P(%,)] 2 [1 - oa(t-to)] re~t(t=t)  (aq)

where

&
F(t) - P(t,) = f oot Tat

%

3/ Boelter, L.M.X., Cherry, V.H., and Johmson, HeAs Neat Transfer Netes.
University of California Syllabus Series (2nd ed.). Berieley, 194l.



At the beginning of any f'Vn :th‘ﬁit-nno segment on the heat-
loss curve, t = t, and T = T,. At-the end of the segment, t = t and
T = T For a neighboring segment the walues of a and ¢ will change,
since they depend on K} and K3 For values of T between 300° K and
378° X, the funotion f(t) oan -be approximated by a single straight-
line segment, and solutions oan be readily found from equation A.4e
This approximation may be used for computing the distance from ground
sero that green follage would be killed. When T is large, several
straight-line segments must be used, and computations by means of equa=
tion A.4 beocomes quite laborious.

The assumption of infinite thermal oconduotivity restricts the above
analysis to a range of fuel weights from about 0,003 g/sq om of frontal
surface area to 0,010 g/sq oms Even in this restricted range, an ap=
preciable temperature difference will exist between the two surfaces of
a flat fuel sample, To determine this temperature at any given time,
as woll as the tamperature at any point within the fuel layer, it is
necessary to solve the uni-directional heat flow equation:

x 3%y 21
=T T3 " (1.5)

where K is the thermal condwtivitye The boundary conditions arex

L(LD) = T-g(0) atxeo (2.6)
and
X (.g_;) = (1) at Xl (A.7)

The initial oonditions are:

T =T, when % <o



Solutions of equation A.6 could be obtained by the use of differe
ence equations. The problem is complicated somewhat by distillation
of water and volatile products and the resultant change in 4 , 0, and
K. These changes will not oocour simultaneously throughout the fuel
layer but will start first on the irradisted side and progress throwgh
the fuel layer.

An altermte method which may be described as the reeiprooity
moethod 4s much simpler to use. It should be emphasized, however, that
the reociproocity oconcept is valid only for fuels whioh conform to the
infinite thermal conductivity oconoept.
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